Abstract. Studying gene expression in germ cells is useful for elucidating mechanisms of transcriptional regulation, because different genes are activated in male and female germ cells. The promoter regions of an oocyte-specific gene, Oog1, have been characterized. Driving the expression of green fluorescent protein with these different promoter regions provided us with critical information on the regulation of gene expression. The 3.9 kb long promoter functions in both male and female germ cells in transgenic mice. What is the cause of this sexually dimorphic expression? There may be important factors within and perhaps also outside this 3.9 kb promoter region that are required to maintain proper sex-specific gene expression.
Gene expression control
It has recently become clear that epigenetic modifications such as DNA methylation and histone methylation/acetylation are widely involved in the regulation of gene expression. In germ cells, epigenetic regulation of gene expression, in turn, regulates cellular differentiation; therefore, proper regulation of gene expression is essential for proper differentiation during development. A cascade of sex-specific factors regulates downstream genes leading to normal germ cell differentiation. Sexual fate is reversible without important sex-specific genes, which repress genes specific to the opposite sex [1] [2] [3] . For example, factor in germ line alpha (Figla) activates oocyte-specific genes and represses testis-specific genes to maintain genetic hierarchies in oocytes [4, 5] . The transcription of Figla peaks at around the time of birth and falls to a very low level at seven days of age. This transcription peak is accompanied by changes in the DNA methylation status of promoter regions; when transcription is repressed, the level of methylation within the CpG island of promoter regions is very high [6] .
How is such sex-specific and/or timedependent gene expression regulated in germ cells? Oog1, an oocyte-specific gene, is thought to function as a transcription factor during meiosis. Its expression also seems to be controlled by DNA methylation within its promoter. Here, we focus on the promoter of the oocyte-specific gene, Oog1, and discuss how epigenetic modification regulates this gene.
Oog1 expression
Oog1 transcription begins at embryonic day 15.5 (E15.5), just after meiosis starts and continues during meiotic prophase arrest at diplotene. Its transcription seems to stop at meiotic resumption, because the amount of Oog1 transcripts gradually decreases after fertilization. OOG1 contains a leucine zipper structure, which is a known DNA binding motif, suggesting that OOG1 is an oocytespecific transcription factor [7] .
Oog1 promoter
A 3.9-kb long promoter of Oog1 was discovered by comparing the upstream sequences of all five copies of Oog1. Oog1 is a multi-copy gene, with two copies on chromosome 4, and three copies on chromosome 12 in the mouse. All five copies contain a TATA-box in the proximal upstream region, which suggests that they are all transcribed [8] . The 20 kb upstream regions from the TATA boxes were compared using genomic sequence information obtained from the National Center for Biotechnology Information (NCBI) database. The 3.9 kb upstream sequence has been shown to share a high degree of conservation among the five copies. The 3.9 kb promoter region introduced into transgenic mice has three newborn ovary homeobox gene (NOBOX) binding elements (NBEs), one SP1 binding site, and eight E-boxes (or sequences similar to E-boxes). However, only two of the E-boxes (-118 bp and -3457 bp from the transcriptional start site) retain perfect homology among the five sequences (Fig. 1A) . NOBOX is an oocyte-specific transcription factor [9] . SP1 is a zinc-finger transcription factor whose concentration gradually decreases as an oocyte grows [10] . E-box is a transcription factor binding site and Figla is known to activate zona pellucida glycoprotein gene-1, -2, and -3 (Zp1, Zp2, and Zp3) via E-boxes [5] . Among these regions of the five copies, some gaps have been observed. In fact, large gaps exist at -2.7 kb and -3.2 kb from the TATA box. These two regions, 2.7-kb and 3.9-kb long, were selected as viable candidates for the Oog1 promoter (Oog1pro2.7 and Oog1pro3.9) [8].
Generation of Oog1 promoter-GFP transgenic mice
In order to verify the function of Oog1 promoter regions, transgenic mice expressing the green fluorescent protein (GFP) reporter gene were generated. Oocyte-specific GFP expression was stronger in Oog1pro3.9 transgenic ovaries than that in Oog1pro2.7 ovaries (Fig. 2) . GFP fluorescence was detected in oocytes from secondary to preovulatory follicles in Oog1pro2.7 transgenic ovaries; whereas, fluorescence was detected in oocytes from primordial to preovulatory follicles in Oog1pro3.9 transgenic ovaries. GFP transcripts in both transgenic lines were commonly detected from E15.5 to adulthood, showing that both promoters function in a similar way to those of endogenous Oog1.
The 3.9 kb promoter is also functional in male germ cells
In addition, we found that the longer promoter is active in male germ cells as well (Fig. 3) . Oog1pro3.9 has a high transcriptional activity in male germ cells and the GFP signal was detected in late pachytene spermatocyte, but not in mid-pachytene spermatocyte (Fig.  3) , suggesting that the 3.9 kb Oog1 promoter becomes active from late pachytene stage of meiosis. This implies that endogenous Oog1 promoter also functions from the late pachytene stage of oogenesis. Indeed, endogenous Oog1 in oocytes is activated at E15.5, which occurs near the pachytene stage of meiosis. In Oog1pro2.7 transgenic testis, however, GFP transcripts were slightly detected compared to those in Oog1pro3.9 transgenic testis [8] . Investigation of the differential regulation of the Oog1 promoter in male versus female germ cells will help elucidate the regulation of sex-specific gene expression in germ cells.
DNA methylation status in Oog1 promoter
The DNA methylation status of the proximal region of the Oog1 promoters may affect sex-dependent gene expression. Bisulfitesequencing of the proximal promoter region performed by Ishida et al. [8] indicates that CpG at -597 bp is highly methylated, when expression of its downstream gene, either Oog1 or GFP, is suppressed ( Fig. 1 A, B) . In male germ cells, expression of endogenous Oog1 and GFP downstream of Oog1pro2.7 are suppressed, and their CpGs at -597 bp are highly methylated. On the other hand, the methylation of the same cytosine of the endogenous Oog1 promoter, Oog1pro2.7 and Oog1pro3.9 in oocytes, and Oog1pro3.9 in male germ cells, is largely removed from the endogenous Oog1 promoter and completely removed from artificial promoters. It seems that demethylated CpG at -597 bp enables the promoters to activate downstream genes. What is the cause of the difference in expression patterns? The methylation of CpGs at -597 bp may be associated with the expression of downstream genes.
DNA methylation pattern change in germ cells
Germ cells show a sex-specific DNA methylation pattern, and the DNA of sperm and unfertilized eggs is hypermethylated [11] . After fertilization, DNA demethylation proceeds differently in paternal and maternal genomes; in the paternal genome, active DNA demethylation starts at pronuclear stage 2 (PN2) and almost all methylation is lost by the end of the pronuclear stage [12] . Subsequently, DNA methylation is gradually and passively removed from the two-cell stage to the blastocyst stage depending on DNA replication of the paternal and maternal alleles [13] . As part of the active DNA demethylation mechanism of the paternal genome, ten-eleven translocation methylcytosine dioxygenase 3 (TET3) changes 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) in order to induce DNA demethylation [14] . It has been shown that methyltransferase-like 23 (METTL23), which is an arginine methyltransferase that catalyzes the dimethylation of histone H3R17 (H3R17me2), recruits TET3 to chromatin containing the paternal allele; sperm protamines are replaced by maternal histone 3.3 with R17 dimethylated by METTL23 in the paternal pronucleus [15] .
Why does demethylation not occur in the maternal genome? Stella, a PGC-and oocyte-specific gene, changes its chromatin conformation by binding to H3K9me2 and protects the maternal genome from TET3-mediated demethylation [16] . While most of the inherited DNA methylations are removed by the blastocyst stage, those of imprinted genes are protected from demethylation [13] . DNA methyltransferase 1 (Dnmt1) is a maintenance enzyme that methylates hemi-methylated CpG after DNA replication; in Dnmt1 KO mice, imprinted genes such as H19, Igf2, and Xist are extensively demethylated [17] .
Following implantation, the whole genome of the inner cell mass is subject to active de novo methylation mediated by DNA methyltransferases 3a and 3b (Dnmt3a and Dnmt3b); inactivation of Dnmt3a and Dnmt3b by gene targeting blocks this de novo methylation in early post-implantation mouse embryos [18] . After genomic methylation, primordial germ cells (PGCs) emerge in the epiblast at around E6.25 [19] . Germ cells are derived from PGCs, which initially have a DNA methylation status similar to somatic cells. Imprinted genes become demethylated for the first time in PGC at around E11.5 [20] . During this reprogramming of PGCs, TET1 is known to contribute to DNA demethylation; in Tet1 null germ cells, DNA methylation is still maintained in differential methylated regions (DMRs) within imprinted genes and dysregulation of imprinted genes causes some progeny defects [21] . After DNA demethylation in PGCs, germ cells start to acquire genome-wide methylation, including sex-specific DNA methylation, from around E13.5 [22] .
Sex-specific pattern of DNA methylation
More than 1,600 CpG islands are differentially methylated in oocytes and sperms, in addition to known imprinting control regions (ICRs), which control imprinted genes expressed from either paternal or maternal allele [23] . In contrast to male germ cells, in which the whole genome shows hypermethylation by the end of pachytene, except in the CpGrich regions, DNA methylation in oocytes proceeds gradually as the oocytes grow [24, 25] . Dnmt3l (Dnmt3-like) has been proposed to cooperate with Dnmt3a/Dnmt3b to regulate oocyte-specific DNA methylation [26] . While DNA methylation in oocytes is gradually established, the Oog1 promoter regions may remain demethylated and maintain Oog1 expression during meiotic arrest using various strategies to avoid DNA methylation within the promoter region. In oocytes, the 3.9 kb promoter has higher transcriptional activity. The 3.9 kb promoter has two NBEs and three E-boxes in an additional 1.2 kb region upstream of the 2.7 kb promoter. (B) In male germ cells, only the 3.9 kb promoter has transcriptional activity and the CpG at -597 bp is demethylated specifically in the 3.9 kb promoter. Interestingly, there seems to be a relationship between DNA methylation status at -597 bp and the transcriptional activity. On the other hand, the CpG at -597 bp is methylated in endogenous Oog1 promoter in male germ cells. Some regions outside the Oog1pro3.9 may contribute to the methylation of this CpG. Bisulfite-sequencing was performed using testes collected from 10-week-old male mice and oocytes collected from four to five-week-old female mice.
Protecting the demethylated status of DNA in oocytes
POU domain, class 2, transcription factor 1 (Pou2f1) binding site; POU domain, class 5, transcription factor 1 (Pou5f1) binding site; and the Sox-2 binding site in ICR of maternally expressed H19 gene have been shown to be essential for protecting maternal ICR from de novo DNA methylation after fertilization [27] . Although Oog1 is an oocyte-specific gene and not an imprinted gene, similar mechanisms may maintain the DNA demethylation status of the Oog1 promoter. NOBOX is an oocytespecific transcription factor, and is known to activate a variety of oocyte-specific genes to maintain proper folliculogenesis; growth differentiation factor 9 (Gdf9) and Pou5f1 have been shown to contain NBEs within their promoter regions, and the expression of these genes is downregulated in Nobox knockout ovaries, in which Oog1 is also significantly downregulated [28] [29] [30] . Oog1pro2.7 also has one NBE and Oog1pro3.9 has two additional NBEs in the 1.2 kb region upstream of the 2.7 kb promoter (Fig. 1) . The heavily methylated status of Oog1 proximal promoter region in male germ cells might be due to the absence of NOBOX in male germ cells. It would be an important discovery if NOBOX proves to be involved in DNA methylation inhibition in promoter regions by binding to NBE. This putative function of NOBOX may also explain why Oog1pro3.9 shows a higher level of activity than Oog1pro2.7. NOBOX binding to the additional NBEs located in the upstream 1.2 kb region probably interfere significantly with DNA methylation in Oog1pro3.9. , and Oog1pro3.9 transgenic mouse (C). Strong GFP signal was detected in the oocytes of Oog1pro3.9 transgenic mouse compared to that in the oocytes of Oog1pro2.7 transgenic mouse. Scale bar: 100 μm. 
DNA methylation during spermatogenesis
The genome-wide DNA methylation during spermatogenesis almost finishes by the end of the pachytene spermatocyte stage and the DNA methylation pattern undergoes little change after this period [24] . In E16.5 prospermatogonia (PSG), genome-wide CpG methylation level is 30.1%, but in postnatal day 0.5 (P0.5) PSG, it rises to 76.1% and this methylation level is maintained until adult spermatozoa [24] . The transcription of Stra8, which is required to induce meiosis, peaks at P7.5 in differentiating spermatogonia and accordingly the methylation level of DMR upstream of Stra8 decreases between P0.5 PSG and P7.5 spermatogonia [31] . Oog1 expression may also be regulated by the methylation of CpG at -597 bp of the transcription start site (TSS) as DMR upstream of Stra8 controls Stra8 expression.
The difference in functions of

Oog1pro3.9 and the endogenous Oog1 promoter in male germ cells
Why is endogenous Oog1 not expressed in male germ cells despite the fact that GFP downstream of Oog1pro3.9 is expressed? The upstream region of the 3.9 kb endogenous Oog1 promoter, Oog1 gene body, and/or downstream of the gene body are expected to be involved. Regulatory elements located outside the gene body and its introns are known to regulate its gene expression in the form of its enhancers [32, 33] . Coactivators often mediate the physical interaction of enhancers with promoters and regulate transcription initiation. Some histone acetyltransferases also function as coactivators [34] . While CpG at -597 bp of the TSS is demethylated in the 3.9 kb promoter fragment, the corresponding CpG is methylated in endogenous Oog1 promoter in male germ cells. Some regions within or outside the Oog1 gene body may contribute to the methylation status of the CpG (Fig. 1B) .
A large region in the genome interferes with gene expression
As mentioned above, Oog1 expression might be controlled by elements outside the 3.9 kb promoter region. Such a regulatory mechanism has been observed for Igf2 expression. Igf2, an imprinted gene, is expressed only from the paternal allele and lies 70 kb upstream of the H19 gene. H19 is transcribed into noncoding RNA and is expressed only from the maternal allele. While the H19 ICR fragment is kept hypomethylated in oocytes, it becomes methylated in male germ cells during spermatogenesis; the level of DNA methylation is maintained throughout fertilization leading to subsequent allele-specific expression [35, 36] . DMR 2 kb upstream of H19 and enhancers downstream of H19 regulate male germ cell-specific Igf2 expression and oocyte-specific H19 expression. On the maternal allele, this DMR is demethylated and the enhancers interact with the H19 promoter. The paternal allele, in contrast, is methylated so the enhancers cannot interact with the promoter of H19, and instead activate Igf2 upstream of the DMR [37] . It is, however, still unknown why these mechanisms are allele-specific. Imprinted genes maintain their allele-specific methylation status and therefore allele-specific expression despite the same environment in one cell. The methylation status of the CpG at -597 bp of the TSS has been shown to be associated with the oocyte-specific expression of Oog1. The maintenance of DNA methylation status, in general, is important for "specific expression". Sex-specific gene expression in germ cells may be controlled by similar mechanisms involved in imprinted genes establishing a sex-specific DNA methylation status.
Expected achievement obtained from research on the Oog1 promoter
Epigenetic modifications interact with each other and it is difficult to reveal such causal relationships. H3K9 and H3K14, when acetylated, enable transcription factors to bind to DNA by loosening the structure of nucleosomes [38] . Unmethylated DNA is assembled in nucleosomes that contain the acetylated histones H3 and H4. When Pou5f1 expression is suppressed in embryonic stem cells, a complex of histone methyltransferase G9a and histone deacetylases is recruited. This complex also recruits DNMT3A and DNMT3B [39] . Therefore, the epigenetic modifications have interrelationships. We aim to examine histone modification and DNA methylation status within the Oog1 gene segment and in the wider region around Oog1 as well. While comparing the epigenetic modification status of endogenous promoters in oocytes and in male germ cells, determining the activities of Oog1pro2.7 and Oog1pro3.9 in transgenic mice will elucidate the effects of epigenetic modifications on the regulation of sex-specific gene expression.
Analysis of Oog1 upstream sequences, including promoter regions, suggests that epigenetic modification, i.e., DNA methylation in CpG at -597 bp, is involved in the regulation of Oog1 expression. If we can find common sequences around the five copies of Oog1, even if they are far away from the genes, they may coordinate with the Oog1 promoter. Sex-specific gene expression in germ cells may depend on more complex mechanisms than those in somatic cells. Studies on sexspecific gene expression may elucidate a variety of gene expression mechanisms. If we can determine why Oog1 is expressed specifically in oocytes and why Oog1pro3.9 promotes the expression of transgenes in male and in female germ cells, a breakthrough in epigenetics may be possible.
